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ABSTRACT

The numerical methods relevant to the wake prediction of
submerged appended bodies for the purpose of predicting full
scale wake are surveyed. The main flow features are first
described and the numerical techniques used to predict them
are then discussed. A complete solution of the flows around
submerged appended bodies is beyond the reach of the state-
of-the-art, both numerically and computerwise. For this
reason, two approaches are recommended to be pursued
simultaneously. One approach is for immediate applications
and the other approach for long-range research. For the
first approach, the momentum integral method is recommended
due to its relative simplicity and its flexibility to adapt
to experimental data. For the second approach, a numerical
procedure no less sophisticated than the one by solving
the partially parabolic Navier-Stokes equations with the K-(
turbulence model should be considered. , <

ADMINISTRATIVE INFORMATION

This investigation was authorized and funded by the Office of Naval Technology

Ships Submarines and Boats Exploratory Development Program, under the management

of the Naval Sea Systems Command, Code 05R, Program Flement 62543N, Task Area

421-252, Work Unit number 1-1506-202-11.

INTRODUCTION

In order to design a propeller for a submerged vehicle, it is essential to

know the velocity field (i.e. wake) in the propeller plane. One of the goals of

the application of computational fluid dynamics to ship design is to develop

numerical techniques such that the wake in the propeller plane can be predicted.

Once an analytical predition method has been developed, model tests for the

purpose of obtaining wake data will be either unnecessary or would be needed

only at the final stage of design. Before such a goal can be achieved, full scale

wake data must be obtained from model wake data by an appropriate extrapolation

method in order to account for Reynolds number effect.
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In the case of submerged appended bodies, numerical techniques have been

developed for the prediction of the wake of bodies of revolution, but numerical

techniques are not available to predict the wake behind appended bodies. Thus,

currently the full scale wake of a submerged appended body is obtained by the

superposition of the predited full scale wake of the bare body and a correction

due to the presence of the appendages. Since the correction is based on model

test data, the Reynolds number effect due to the presence of the appendages has

been completely neglected. The development of numerical wake prediction methods

which recognize the presence of the appendages will undoubtedly improve the

accuracy of the predictecd full scale wake. The objective of this report is to

survey available numerical techniques which are relevant to the wake prediction of

submerged appended bodies and to recommend approaches which appear promising.

The wake predicted in the absence of the propulsor (i.e. nominal wake)

is modified by the influence of an operating propeller. This report will not

include a survey of the techniques used to account for wake/propulsor interactions;

only numerical techniques which are relevant to the prediction of the nominal

wakes of submerged appended bodies will be surveyed.

As it will become evident later, the flow around an appended body has not

been solved successfully for the application described above. Therefore, it is

not possible to give a critical review of the numerical techniques available

to solve the problem. Instead, the numerical techniques which have been used

in other research fields, such as aerodynamics and turbcmachinery, to solve the

flow problems relevant to the one considered here will be surveyed and

introduced.

2
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At present, limitation of both the numerical technique and computer

capability make it unfeasible to attempt to compute the wake fields of appended

bodies by solving the full Navier-Stokes equations. It is therefore necessary to

simplify the governing equations and, consequently, it is also necessary to select

a turbulence closure model appropriate to the problem considered. To do both,

it is essential to understand the physics of the problem considered. Thus, thf

main flow characteristics of unappended bodies will be discussed first and ther

the major complications of the flow field due to the presence of the appendage

will be described. The discussion of various numerical methods and turbulence

closure models commonly used in turbulent boundary layer calculations will follow.

Advantages and disadvantages of these methods and models will be mentioned based

on coparisons of numerical methods that took place in several international

conferences. This will be followed by a review of the specific numerical

techniques used in the treatment of the main flow features relevant to appended

bodies. Based on the above discussion, recommendation of promising approaches

will be made.

In addition to the ninety two references given for the above discussion, an

alphabetical bibliography of the literature surveyed, which includes the ninety

two references mentioned, is also given in the Appendix. Highlights of the

bibligraphy are given in Table Al of the Appendix.

PHYSICS OF THE PROBLEM

UNAPPENDED BODIES OF REVOLUTION

FXtensive measurements of mean velocity, pressure, Reynolds stress and skin

friction have been made on various axisymmetric bodies of revolution with emphasis

on stern and near wake regions. Of particular interest are the works of the two

3



research teams led by Patell, 2* and Huang3 . The main flow feature is that the

thickness of the turbulent boundary layer is in the same order of magnitude as the

local body radius in the stern region at locations greater than, say, 90 percent

of the total body length (X/L = 0.9) for an axisymmetric body, as illustrated in

Figure 1, taken from Reference 1. The main characteristics of a thick boundary

layer may be summarized as:

I. A large increase of the pressure coefficient from the edge of the

boundary layer to the wall as shown in Figure 2. The increase is

about 70 percent at X/L = 0.95 and about 100 percent at X/L = 0.99.

2. The mixing length in the thick boundary layer is shortened by more

than 50 percent compared to that in the upstream region of the thin

boundary layer as shown in Figure 3.

3. Reynolds shear stresses are less intensive in the thick boundary layer

region, but spread out more. The variation of the axial Reynolds

shear stress is shown in Figure 4 to illustrate this point.

Analogous characteristics have also been observed in the near wake region2 .

From the point of view of seeking numerical solutions in the thick turbulent

boundary layer, characteristic (1) implies that the governing equations based on

the standard thin boundary layer approximation require modifications to account for

the pressure variation across the bounday layer, and characteristics (2) and (3)

imply that the turbulence closure models, in particular the eddy-viscosity model

which is based on the mixing length concept, must also be modified accordingly.

There are several mechanisms which cause the thick boundary layer. Among

them are the adverse pressure gradient in the streamwise direction, the divergence

of mean-flow streamlines in planes normal to the body surface and the transverse

References are listed on page 86.

4

1 : ' : 1 ' " ' : ". .. '' . ... . '



surface curvature effect. The first two effects are the results of a relatively

large streamwise surface curvature in the stern region of the body of revolution.

The effect of the transverse* surface curvature on the pressure variation across the

boundary layer is not large. For example, as the flow streams downward along the

surface of a long slender cylinder of constant radius (i.e. large transverse

curvature), the boundary layer thickness can become several times larger than the

radius of the cylinder. However, the rate of increase of the displacement thick-

ness is small and the pressure variation across the boundary layer is not large

much like the thin boundary layer of a flat plate. The comparison of measurements

and the computations by Cebeci4 confirms that for this type of flow, the thin

boundary layer approximation is adequate. The above discussion leads to the con-

clusion that the main cause of the thick boundary layer where the pressure varies

significantly across the boundary layer is the convex longitudinal surface curvature

in the stern region where the streamlines converge. As the flow streams along the

curved surface, a large pressure gradient is generated in order to balance the

centrifugal force applied on fluid particles along a curved streamline.

APPENDED BODI ES

Most of the theoretical and experimental investigations of flows around

appended bodies were carried out in relation to the wing/fuselage junction flows

in aircrafts and the blade/end-wall flows in turbomachines. These two areas of

research are the main sources of this survey in the attempt to understand the

physical phenomena involved in flows around appended bodies and to search for

promising numerical approaches to predict them.

The complexity of the flow field around an appended body is shown

schematically in Figure 5 taken from Reference 5. The resulting wake shown in

*Transverse is used here to mean: transverse to the streamwise flow direction.

5
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Figure 6 indicates the importance of the interference effect between the appendage

and the body. A further indication of the importance of the interference effect

between a body of revolution and a tail fin has been demonstrated in the wake

measurements by Sevik6

The flow field of the appendage/body junction as shown in Figure 5 can

be divided into three regions:

1. The longitudinal flow-reversal region: This is the region between the

singular separation point and the leading edge of the appendage (strut

stagnation line). The horseshoe vortex is generated in this region.

2. The transverse flow-reversal region: This region is the passage of the

horseshoe vortex along the two sides of the appendage/body junction and

is downstream of the longitudinal flow-reversal region.

3. The crossflow region: This is the region outside of the above two

regions that are enclosed by the line of ordinary separation, or what

is also called the primary separation line.

These flow features have been observed by flow visualization techniques5 ,7-I0

and can be explained as follows.

Suppose the appendage (a wing or a cylinder) is mounted on a flat plate

or on an axisymmetric body of revolution, then the boundary layer far upstream of

the appendage is two-dimensional. The two-dimensionality of the flow will be

destroyed by the pressure force generated by the presence of the appendage. This

pressure force tends to push the fluid away from the appendage. Since the fluid

particles near the wall of the body have been slowed down by the wall friction,

the inertial force near the wall is smaller than the inertial force away from the

wall and is more easily overcome by the pressure force. Thus, the interaction

6



between the inertial and the pressure forces causes the flow to reverse in the

longitudinal direction in region (1) as shown in Figure 5, generating the horseshoe

vortex. The vorticity line of the horseshoe vortex then bends around the appendage

like a necklace, resulting in streamwise vortices in region (2) with their

directions as shown in Figure 5. There are two types of crossflows in region (3),

one is the non-crossover type as shown in Figure 7 and the other is the crossover

type as shown in Figure 8. The non-crossover crossflow occurs in the upstream and

the downstream position away from the inflection point of the S-shaped streamline

as shown in Figure 5 while the crossover crossflow occurs in the neighborhood of

the inflection point where the direction of the curvature of the free-stream

streamline is reversed. The direction of the crossflow upstream of the inflection

point is the same as that shown in Figure 7, but the direction is reversed

downstream of the inflection point since the direction of the curvature of the

freestream streamline is reversed resulting in the reversal of the direction of

the centrifugal force. Both types of crossflows are pressure-driven. Consequently,

rapid changes in the crossflow profile take place near the wall and little changes

occur near the edge of the boundary layer where the pressure force is approximately

balanced by the centrifugal force generated by the curvature of the streamline.

For a further discussion of both types of crossflows, one is referred to the papers

by Klinksiek and Pierce 1 and by Prahlad1 2 .

The laminar horseshoe vortex has been observed to form in systems of 2,

4, or 6 vortices as shown schematically in Figure 9 (taken from Reference 7).

However, two vortices are predominant in the turbulent boundary layer and further-

more, these two vortices tend to merge into one as shown by Peake et a18 in Figure

10. This is further confirmed by the measurement of the velociy vector downstream

7



of the leading edge of the wing by Shabaka and Bradshawl 3 shown in Figures Ila

and lb. The implication of this observation is that, if the detailed flow

features in region (1) are not of major concern, the flow field can be assumed

as being generated by a single horseshoe vortex. This assumption is important

in modelling the streamwise vortex motion in region (2) when momentum integral

methods are used.

The separation point at the leading edge of region (1) is a singular point

with zero skin frictionl0 . But the skin friction is not zero along the primary

separation linel0 ; rather it is a line along which the wall limiting streamlines

from region (3) and those fran regions (1) and (2) converge. Furtler discussion

of the type and of the nature of flow separations can be found in References 14-17.

Another feature of turbulent boundary layers with flow separations or withl

large crossflows is that the direction of the velocity gradient vector differs

significantly from that of the shear stress vector even near the wall. This

anisotropic property of the shear stress has been observed by several investigators

under different experimental conditions1 8-20 . The implication of this property is

that the simple eddy-viscosity and the mixing-length models, which automatically

lead to the coincidence of these two vectors, may not be adequate turbulence

closure models for this type of problem.

The size of the horseshoe vortex region depends on the geometry of the

appendage,8 21, and more importantly on the thickness of the incoming turbulent

boundary layer near the location of the singular separation point 5 , 21 . Thus,

referring to a body of revolution (see Figure 1), if a tail fin is placed at 95

percent length of the body where the thickness of the boundary layer is approxi-

mately equal to the local radius of the body, then the size of the horseshoe vortex

8



region is approximately in the order of the local radius of the body. On the

other hand, if a fin is placed close to the nose of the body then, the horseshoe

vortex region generated will be rather small since the thickness of the bounday

layer at that location is very thin.

NUMERICAL MF!THODS

Several papers have discussed the state-of-the-art and the outlook of

computational fluid dynamics. In the 1980 symposium on the "Computation of Viscous -

Inviscid Interaction", Le Balleur22 divided the numerical approximations used in the

computation of laminar and turbulent flows into four levels and indicated that the

state-of-the-art is no higher than the middle of the third level as indicated by

symbol x in Table 1. At this state-of-the-art, only the problems which are suitable

for a strong viscous/inviscid interaction based on the time-averaged Navier-Stokes

equations with the thin boundary layer approximation can be solved with confidence.

Kline, Ferziger and Johnston23 and Chapman24 discussed computational fluid dynamics

(1978 and 1979 respectively). Sunaries of these outlooks are presented in Tables

2 and 3.

To give some indications as to when the problem of the flows around appended

bodies can be solved using the full Navier-Stokes equationf;, a projection by

Chapman 24 on a similar problem in aerodynamics is worthwhile mentioning. According

to him the practical 3D wing/body problem probably can be solved using the full

Navier-Stokes equations by 1990's, but still at a prohibitive cost and, in addition,

a more than two orders of magnitude larger computer than what is available today

would be required.

The above discussion indicates that at present the attempt to predict the wake

of appended bodies by solving the full Navier-Stokes equations is unrealistic.

9



Therefore, the survey of the numerical methods adequate for wake prediction will

be confined to those associated with solving the time-averaged Navier-Stokes

equations with various degrees of simplifications.

Because of the above restriction, several interesting numerical methods will

not be discussed. Among them are the spectral method 25 , the large eddy simula-

tion with a subgrid closure26 and the discrete vortex method27 , 28 . Of particular

interest is the recent development of the discrete vortex method which appears to

be rather attractive to simulate separated flows and wakes. For a quite different

reason, the finite element method will also not be discussed. It is the author's

opinion that the choice between a finite element method and a finite differential

method is more of a matter of personal preference; furthermore, the finite element

method is used infrequently in the computation of turbulent boundary layers. Some

fundamental aspects of the finite element method in fluid mechanics are discussed

by Shen 29 .

Thus, the numerical approaches to be surveyed are finite differential methods

and momentum integral methods based on the simplified Navier-Stokes equations. When

the thin boundary layer approximation is used, or even when this approximation is

relaxed, the pressure distribution needs to be provided in order to initiate boundary

layer calculations. This pressure distribution is normally provided by the potential

flow calculation. For this reason, calculation methods for the potential flow

will also be discussed.

FINITE DIFFERENTIAL MEI'HODS

Depending on approximations made, the governing equations can be divided into

four types as shown in Table 4. The mathemaLical classification of the types of

the governing equations can be found in Wang's paper34.

10



From a omputational point of view, the distinctions among these four types of

governing equations are important. For the hyperbolic and the parabolic type

of equations, the pressure field is assumed known and the velocity components can

be computed by marching downstream. No iteration of solutions is needed in this

calculation procedure. For the elliptic type of equations, both the pressure and

the velocity coqxmrents are unknowns and must be obtained by iteration of solutions,

thus resulting in large demands on the computer memory and the computer cost.

The complexity of the calculation procedure for the partially parabolic type is

intermediate between the above two extremes. The pressure field of the entire

computational domain is assumed known and the velocity components are then computed

by marching downstream. Once these are done, a new pressure field is calculated

from them and the calculational procedure is repeated until a convergence of the

solution is obtained. Thus, unlike the elliptic type of equations, only a three-

dimensional memory of the pressure is required by the partially parabolic type.

The calculation procedure for the partially parabolic type was first applied

by Pratep and Spalding 32 to the flow in curved ducts. The results agree with the

experimental results better than those obtained by the parabolic type of equations.

A further coparison of these two types of equations has been discussed by Spalding

and his coworkers35 . Because the pressure field of the entire computational domain,

including the normal pressure gradient, is considered, the use of the calculation

procedure of the partially parabolic type of equations is worthy of a careful

consideration for the prediction of the flows around appended bodies.

To close the time-averaged Navier-Stokes equations such that the number of

equations and the number of unknowns are equal, a turbulence closure model is needed

to connect the Reynolds shear stress and the mean field. Turbulence closure models

1].



being used at present can be divided, according to the order of increasing

complexity, into: zero-equation model, one-equation model, two-equation model,

stress-equation model and large-eddy simulation with a subgrid scale model.

Detailed discussions of these models can be found in the review papers by

Reynolds36 and Reynolds and Cebeci 37 . The experience with numerical computations

indicates that the use of the stress-equation model where each component of

the six Reynolds shear stresses is solved by a partial differential equation

is uneconomical at present in the sense that the improvement in the quality of

solution is insignificant despite a considerable increase in the amount of the

computational effort. The use of the large-eddy-simulation model is even more

complicated. Thus, the use of the zero equation, one-equation and two-equation

model appears to be worthy of further explorations for the purpose considered

here, despite the deficiencies of these models.

The two most popular versions of the zero-equation model are the eddy-

viscosity model and the mixing-length model. The basic assumption for both is

that the local production of the turbulence energy is balanced by the dissipation

of the turbulence energy. Consequently, the Reynolds shear stress is related

to the mean velocity field by an algebraic equation. This model has been

fully exploited by Cebeci37 . For complex turbulent flows, such as flows around

appended bodies, the assumption that the local turbulence energy production is

equal to its dissipation is not valid, and the advection and diffusion of

the turbulence energy must be included in the energy budget. Therefore, a higher-

order turbulence closure model may be needed. The most developed one-equation

model is that proposed by Bradshaw et a130 wher the equation for the turbulent

kinetic energy is solved for the connection between the Reynolds shear stress

12
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and the mean field. This model has an excellent performance in the 1968 Stanford

conference3 8 . For a two-equation model, not only the equation for the turbulent

kinetic energy but also the equation for the dissipation, or a characteritsic

turbulent length scale is solved. The construction of two-equation models is

currently an active research area. A critical examination of four popular two-

equation models has been given in Reference 39.

As comon in the numerical calculation of turbulent boundary layers, the

choice of which turbulence closure model is most appropriate for the flow around

appended bodies is not trivial nor clear-cut even when the physics of the problem

is relatively well understood. In a recent calculation40 of 3D boundary layers

involving flow separations on practical wing configurations, despite the fact that

the simple eddy-viscosity model is inadequate for the physics of the problem, the

results obtained by more sophisticated models such as one-equation and two-

equation models dc not seem to significantly improve those obtained by using a

simple eddy-viscosity model. The conclusion is that a simple turbulence model,

such as the eddy-viscosity model or Bradshaw's one-equation model 30 should

be preferred subject to modifications according to the specific physics of the

problem under consideration.

MOMETIU" INTEGRAL METODS

One of the major difficulties in the calculation of turbulent boundary layers

is the specification of the Reynolds shear stress everywhere in the boundary layer.

One of the main motivations of momentum integral methods is to avoid the need to

13



specify the Reynolds shear stress everywhere in the boundary layer except on the

wall. This is done by integrating the governing equations fran the wall to the

edge of the boundary layer such that only the skin friction on the wall needs to

be specified, which is then obtained from empirical data.

In addition to the empirical skin friction formula and the mean velocity

profile including both the streamwise and the transverse (i.e. crossflow) direc-

tion, an auxiliary equation is needed. Depending on which of the following three

equations - the entrainment equation4l, the energy equation42 and the moment of

momentum equation4 3 is chosen as the auxiliary equation, momentum integral methods

are divided into three families44 . Since the entrainment equation appear to be

most thoroughly developed, the use of it as the auxiliary equation is recommended.

In the recent past, momentum integral methods have received severe criticisms

from several people, including Wheeler and Johnston4 5, Landweber4 6 and Landweber

and Pate147 . The main criticism is in the use of mean velocity profiles. Of

particular concern is the fact that the crossflow velocity profile varies so much

according to different flow problems considered that it is impossible to find a

universal crossflow velocity profile which is applicable to a wide class of

problems. However, if the interest is confined to a specific problem where drastic

changes in flow characteristics are not expected, then the ground for the above

criticism disappears. The flows around appended bodies considered here belong to

this class of problems and momentum integral methods deserve a serious consideration

because of their simplicity of computation auid their flexibility to adjust to

experimental data.

For momentum integral methods, the streamline coordinate system appears to

be most adequate. As mentioned above, empirical formulas for the skin friction,

the mean velocity profiles and the entrainment function are needed in these methods.
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These formulas are mostly obtained from the measurements of various two-dimensional

turbulent boundary layers. If the streamline coordinate system is used, the

turbulent boundary layer in the streamwise direction of the free stream can be

regarded as "two-dimensional" and those formulas mentioned above can be applied

directly in the streamwise direction. Then the skin friction and the entrainment

function in the crosswise direction can be determined once the limiting crossflow

angle (i.e. the angle between the wall limiting viscous flow direction and the

free stream streamwise direction) is computed from a given crossflow velocity

profile. This approximation essentially reduces the additional information

required by three-dimensional turbulent boundary layers to the specification of

a crossflow velocity profile. The justification of the use of a two-dimensional

turbulent boundary layer mean velocity profile family to represent a three-

dimensional turbulent boundary layer has been critically discussed and confirmed

by Cumpsty48 .

POTENTIAL FLOW ME'HODS

The progress in the calculation of the potential flow around an arbitrary

configuration such as an aircraft has been rapid and successful in recent years.

The main driving forces of the success are the use of the panel method to describe

the surface of a complicated geometry and the rapid increase in recent years of

the computer capacity which makes the use of the panel method feasible. For the

state-of-the-art of potential flow methods, one is referred to the papers by Hess
49

and by Carmichael and Erickson50.

The classification of potential flow methods is non-trivial and often

mathematically inconsistent. It suffices for the purpose here to divide them into

zero-order methods and higher-order methiods. In a zero-order method, the panel

element is flat and the source distribution over it is a constant while in a
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higher-order method, either the panel element i , not flat or the source distribution

is not a constant, or both. The XYZPF computer program used at DINSRDC is a zero-

order method based on a theory developed by Hess and Smith (cf. Hess49 ). In

this method, the panel element is a flat quadrilateral and the source strength is

constant. The theory developed by Webster5l is a higher-order method where the

source strength over it is distributed as a linear function of position over the

panel element which is a flat triangle. The most developed higher-order method

is the PAN AIR computer program discussed in Reference 50.

The main short comings of the zero-order method such as the one used in the

XYZPF program, are that the source distribution is discontinuous between panels

resulting spurious vortex sheets and that leakage occurs between panels because

flat trapezoids cannot properly cover a strongly curved surface, such as the nose

or the tail portion of an ellipsoid. It is possible, that by increasing the number

of panels the difficulties mentioned above may disappear, at least partially.

However, for a configuation with a complicated geometry such as the one under

consideration, the number of panels may not be allowed to increase to a desirable

level because of the limitation in the computer storage. Thus, for the problem

considered here, a higher-order method is recommended.

There is a further consideration which also favors the use of a higher-

order method. When a simplified version of the Navier-Stokes equations, such as

the parabolic type, is used to solve complex turbulent flows, an adequate

scheme of the viscous/inviscid interaction is essential for obtaining adequate

solutions. As discussed above, the complex flow field around an appended body

includes flow reversals in the streamwise and the transverse direction, both driven

by pressure forces. Since the ellipticity of the flow has been eliminated by the
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parabolization of the governing equations, the only mechanism by which downstream

conditions can influence upstream stations is through the pressure distribution

which is calculated by the potential flow method. Thus, accurate potential flow

calculations are crucial in obtaining viscous flow solutions and a higher-order

calculation method for the potential flow appears to be more adequate.

OMPARISON OF NUMERICAL MEI'HODS

In several international conferences, some test cases with experimental data

were set up and researchers with numerical codes were invited to perform

computations on the test cases; the computational results were then compared

and the numerical methods evaluated. Table 5 provides a list of six major

conferences with brief comments on the findings; the emphasis here is on the

comparison between finite differential methods and momentum integral methods.

Of particular interest is the computation of the flow induced on a flat

plate by a circular cylinder based on the experimental data of East and Hoxeylo.

It is considered a reasonable goal of the current state-of-the-art of three-

dimensional turbulent boundary layer calculation methods to predict the separation

line. Yet, none of the methods presented by the participants was capable of doing

this in 1975 (cf. East52 ). The calculation of one of the test cases in the

1980-81 Stanford Conference56 on the junction flow in an idealized wing/body

combination based on the experiment by Shabaka and Bradshawl3 (cf. Figures lla

and llb) is also of interest. However, the result of evaluation is not available

at the time of this writing.

A general conclusion on the comparison of finite differential methods and

momentum integral methods can be derived from the results of the conferences listed

in Table 5. Despite the potential advantage of finite differential methods in the
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computation of more complex flow problems, such an advantage has not been

demonstrated in general validity at present; momentum integral methods continue

to perform as well as finite differential methods in all classes of flow problems

tested including those with flow separations. As concluded in the preliminary

Evaluation Committee Report of the 1980-81 Stanford Conference based on the

various test problems considered, momentum integral methods continue to perform

adequately and for engineering purposes are sufficient and sometimes preferable.

NUMFRICAL TREATMENT OF MAIN FLOW FEATURES RELEVANT TO APPENDED BODIES

If tail fins are attached to the axisymmetric body of revolution shown in

Figure 1 at a location approximately 95 percent of the total length downstream

of the nose of the body, then the tail fins will be immersed in the thick

turbulent boundary layer as mentioned earlier. The main flow features in the

boundary layer and the wake of the tail-fin/body combination can be summarized

as: thick turbulent boundary layer, two-dimensional and three-dimensional flow

separation, secondary flow and wake. The wakes of tail fins will interact

with the bounday layer of the body. However, this interaction is unlikely to be

important since the bounday layers on tail fins are expected to be small compared

to that on the body.

THICK TIURBULENT BOUNDARY LAYER

The streamwise vortex motion in the junction flow of a fin/body combination

depends on the strength and the size of the horseshoe vortex generated in the

leading edge of the fin/body combination. Since the strength and the size of

the horseshoe vortex depends on the thickness and the mean velocity profile of

the incident turbulent boundary layer, an accurate prediction of the thick

turbulent boundary layer is essential for wake prediction.

18
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The main difficulty in the calculation of the thick turbulent boundary layer

arises due to the approximation made that the normal pressure variation across the

boundry layer is zero in order to sinplify the Navier-Stokes equations. Thus, if

no approximation is made the difficult does not arise, but then the pressure

must be calculated simultaneously with velocity components. On the other hand,

if the pressure is assumed to be constant across the boundary layer, the equations

are simplified to the parabolic or the hyperbolic type, but then, an adequate

viscous/inviscid interaction scheme is necessary to account for the correction

due to the normal pressure variation across the boundary layer.

Major methods used for the numerical treatment of the thick bounday layer

are listed in Table 6. The order of listing is according to the decreasing

degree of demand on computing efforts. Representative references are

also given for each method.

As mentioned earlier in the experimental aspect of the thick turbulent

boundary layer, the structure of turbulence is different from that of a

flat plate. Since most of turbulence closure models are constructed based on the

data obtained in flat plates, modifications are needed when applied to thick

turublent boundary layers. In the simple mixing-length model used by Wang and

Huang59 , such modifications have been made. The question of whether modifications

are needed in two-equation turbulence models does not appear to have received

attention.

The approach adopted by Wang and Huang in making correction to the mixing

length in the region of the thick bounday layer is solely based on experimental

data. A more rational approach has been suggested by Bradshaw6 2 , 6 3 . As mentioned

earlier, the thick boundary layer normally occurs in the region where the surface
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curvature along which the flow travels is relatively large. In the case of the

axisymmetric body of revolution, this region occurs near the stern where the

longitudinal surface curvature is large. Bradshaw proposed that the change in

the structure of the turbulent boundary layer be accounted for by making correction

to the dissipation length scale due to the extra strain introduced by the effect

of the streamline curvature. This idea has been applied by Patel and Lee64 to

the body of revolution using a finite differential method with Bradshaw's one-

equation model30. A similar application, but, using the momentum integral method

has been done by Green, Weeks and Brooman6 5 .

A new development to account for the normal pressure variation across the

boundary layer using momentum integral methods is proposed by Le Balleur 6 l.

The departure of this approach from the classical one is that the viscous and

inviscid equations are solved simultaneously in the boundary layer with the boundary

condition of the inviscid flow on the wall determined by the surface transpiration

method. The ingenuity of this approach is that the pressure in the boundary

layer is set equal to that of the inviscid flow in the first-order approximation

when curvature effects are neglected. Since at high Reynolds numbers, the

experimental evidence indicates that the actual pressure distribution is very

close to that of the inviscid flow, this approach allows for a variation in the

normal pressure across the boundary layer while solving the same set of the govern-

ing equations used in the thin boundary layer approximation. The disadvantage of

this approach is that the various boundary layer thicknesses are defined nased on

the inviscid flow velocity on the wall rather than on the edge of the boundary

layer. Therefore the application of the empirical formulas which have various

boundary layer thicknesses as parameters requires modifications. F3st66 has

extended the theory to include the second-order effects due to surface curvatures
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in two-dimensional problems. The extension to three-dimensional problems has not

been made, but it is feasible.

FLOW SEPARATION

Two types of flow separation occur in the flow field as shown in Figure 5.

The separation point upstream of the leading edge of the appendage is a two-

dimensional singularity with zero skin friction; but the separation line which

encircles the appendage like a necklace is not a line of singularities, rather, it

is a line along which the limiting wall streamlines converge. Thus, numerically,

the first type of separation creates much more difficulty than the second type.

Since the skin friction approaches zero, a natural criterion for the prediction

of the singular separation point is to locate the point where the skin friction is

zero. However, it has been found that numerically it is easier to locate this

point approximately as where the displacement thickness increases sharply. To

numerically march across the singular separation line, the so called inverse mode

is used. In the inverse mode, the displacement thickness is specified and the

pressure gradient predicted; this is contrary to the usual direct mode where the

pressure gradient is specified and the displacement thickness predicted. A clear

illustration that the singularity in the governing equations is removed by using

the inverse mode is given by Cousteix and Houdeville67 . Other applications of

the inverse mode to calculate separated flows using momentum integral methods are

discussed by Cousteix et a16 8 , East et a169 , Whitfield et a170 and Stock4 3 .

Similar applications using finite differential methods are discussed by Catherall

and Mangler7l, Carter72 and Formery and Delery7 3.

The paper by Formery and Delery is of particular interest. They assumed that

the pressure is constant in the direction normal to the wall but is allowed to
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vary in the transverse direction and succeeded in calculating the flow field in

the vicinity of the separation line in the experiment of East and HoxeylO as shown

in Figure 12. They did not attempt to calculate the entire region of the horseshoe

vortex motion (i.e. region (1) in the previous discussion) and probably would have

failed since the elliptic type of the governing equations must be used in this

region. Some attempts74 ,75 to calculate the flow field in this region have

been limited to low Reynolds numbers in the range of 100-500.

Since the pressure force is the dominant driving force in this region, the

governing equations chosen must allow for pressure variations in all three

dimensions or a strong viscous/inviscid interation scheme must be used to account

for pressure variations via potential solutions which are elliptic. On the other

hand, because the pressure is the dominant force, Reynolds shear stresses are less

important and a simpler turbulence closure model may be adequate as is suggested

by the calculation of Formery and Delery.

SCOONDARY FLCW

The term secondary flow is used here to indicate the flow field with a

significant component of crossflow due to the geometry. This flow field includes

region (2) of the junction flow with a strong streamwise vorticity and region (3)

of the large crossflow region. The latter region includes the crossover (or

S-shaped) crossflow in the vicinity where the free-stream streamline has a point

of inflection and the non-crossover crossflow in the upstream and the downstream

portion of the point of inflection. Unlike region (1) where the horseshoe vortex

is generated, the flow reversal in the streanwise direction does not take place
32in regions (2) and (3). Calculations made by Pratap and Spalding indicate

that a partially parabolic type of equations will be adequate in these flow regions.
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The experiment by Shabaka and Bradshawl 3 indicates that the direction of the

velocity gradient vector differs significantly from that of the shear stress in the

junction flow. This implies that the simple eddy-viscosity and the mixing-length

turbulence models may not be adequate in this region, although the contrary is

indicated earlier 4 0 . Numerical calculations of the junction flow in a wing/body

combination are not available at present except some attempts in laminar flows8 ,74 ,76 .

However, some calculations will appear in the 1980-81 Stanford Conference56 .

Although the origin of the corner flow77 is Reynolds-shear-stress-driven and

is different from the jucntion flow considered here, the basic flow features have

some similarities and the numerical calculations 78 ,79 of the corner flow can

provide helpful information.

If momentum integral methods are attempted, then the mean velocity profiles,

particularly in the crosswise direction, must be constructed based on experimental

data such as the secondary flow vectors shown in Figure llb. No such attempt has

been made at present. According to the experimental evidencel 3 , the strength of the

streamwise vortex decreases and the size increases downstream due to the diffusion of

the Reynolds shear stresses. This diffusion effect and the mean velocity profiles

are the main features that need to be considered in the modeling of the junction

flow.

Relatively abundant and successful calculations have been performed in the

flow fields relevant to region (3) where the non-crossover crossflow is important.

However, when crossover of the crossflow occurs, numerical calculations encounter

difficulties and in general the results are not satisfactory55 . A review of the

numerical methods by finite differential approaches with emphasis on turbomachinery

has been given by McNally and SockolGO. A parallel review based on momentum

integral approaches has been given by Horlock and Perkins81 .
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Because of its simplicity, the momentum integral approach is attractive in

this flow region. The most popular crossflow models are those by Mager and Johnston

and those using polyncmials. For a general discussion of these models, one is

referred to Reference 11. A ccparison of the results obtained by using the

Mager and the Johnston model has been made by Myring8 2 . It is found that

because the Johnston's model includes a Reynolds number dependency, it leads to

a better agreement with the experiment than the Mager's model at high Reynolds

numbers. However, comparisons made by Smith8 3 on several experiments have not

indicated superiority of either model. Because of the rather artificial

requirement of satisfying the boundary conditions at the wall and the edge of

the boundary layer in order to determine the coefficients of the polynominal,

the polynomial model does not appear to be general. At present, the attempts to

include the S-shaped cross flow have only produced a qualitative agreement with

the experiment at best. Some discussions of this subject are given in

References 11 and 84-86.

WAKE

It is known that Reynolds shear stresses play important roles in the rapidly

relaxing turbulent flow in near wakes. A review of two-dimensional experimental

data and prediction methods has been given by Patel and Scheuerer 8 7 . They also

evaluated the use of the o-( turbulence closure model, and found that while the

results in near wakes are reasonable, the results in far wakes are not in satis-

factory agreement with experimental data. The techniques used in the prediction

of near wakes of airfoils are a good source to search for a suitable method. Some

current reviews of the subject are given by Lock8 8 , Look and Firmin8 9 , Melnik 9 0

and Le Balleur et al. 91
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Some simpler approaches to predict near wakes are of interest. For a body

of revolution, Wang and Huang 34 use a polynomial to connect the stern boundary

layer region and the far wake region while Nakayama et a158 enforce the conservation

of momentm in the longitudinal direction. The treatment of wakes using a momentum

integral method has been discussed by Green9 2 , and subsequently improved by Green

et a165. In this method, the governing equations in the wake are the same as in the

boundary layer except that the skin friction is set equal to zero since there is

no wall boundary and the dissipation length scale is doubled in order to match the

behavior in the far wake.

SUMMARY AND REOMMENDATION

Due to the limitation of computer capability, solving the time-dependent

full Navier-Stokes equations for the purpose of the wake prediction of submerged

appended bodies is not feasible at present. Even when time dependency is eliminated

by the time-averaging method, the governing equations are of the elliptic type and

the computing effort for the problem considered here is still too enormous to be

practical. Therefore, further simplifications must be made. For example, the

diffusion of momentum in the predominant flow direction can be neglected such that

the elliptic type is simplified to the partially parabolic type; or the thin

boundary layer approximation supplemented by viscous/inviscid interaction can be

made. Once the type of the governing equations, the turbulence closure model and

the calculation metlicx of the potential flow have been chosen, the numerical method

can proceed according to either t!;e finite differential approach or the momentum

integral approach.

If the finite differential approarh is followed, then the partially parabolic

type. of the governing equations and a turbulence closure model no more complicated
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than the K-f model are preferred. Numerical experiments indicate that the

partially parabolic type of the governing equations supplemented by the o(-(

model will likely he adequate for the flow regions dominated by the streamwise

vortex motion (region(2)) and by the crossflow (region (3)). However, its

adequacy in the region where flow reversal in the predominant flow direction

occurs, i.e. region (1) where the horseshoe vortex is generated, is uncertain.

If the latter method is adopted, then the generality of the finite differential

approach will be limited to the class of problems where the experimental

data used are applicable.

The major shortcoming in the use of the momentum integral appLoach to

threedimensional flow problems is the fact that the mean velocity profile

in the crossflow direction varies significantly from one flow problem to

the other, and an adequate similarity law of the mean velocity profile in

the crossflow direction applicable to a large class of flow problems has yet

to be found. However, if the aim of the application is not universal, but

is confined to the special class of flows around appended bodies of limited

geometrical variations, then the more empirically-oriented momentum integral

approach will most likely be adequate. The continued usefulness of momentum

inteoral approach to three-dimensional flow problems has been demonstrated

in seveal recent international conferences where finite differential methods

and momentum integral methods were compared and evaluated. If the momentum

integral approach is adopted for the wake prediction of submerged appended

bodies, then the main task will be to construct the empirically based models

of mean velocity profiles appropriate for the three flow regions

mentioned above.
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The choice of a numerical method is in general based on the consideration of

generality versus practicality and accuracy versus efficiency. There is a common

agreement that finite differential methods tend to be more general and to provide

more accurate and detailed solutions, or have the potential to do so; while momentum

integral methods are less general, and are only capable of providing solutions of

global flow features. On the other hand, momentum integral methods are much simpler;

therefore are computationally more efficient and are practical for many engineering

applications. It has been mentioned above that the elliptic type of governing

equation is adequate for the problem considered here, but the computational cost

and effort are prohibitive at present. If the simpler partially parabolic type of

governing equation is adopted, then it is likely that the computational difficulties

in thick turbulent boundary layers and large cross flows can be overcome. However,

the capability of the partially parabolic type equations in computing the flow

region where the horseshoe vortex is generated has not been demonstrated.

From the above discussions, it appears that at the present time, there is no

adequate method which is capable of computing the wakes of submerged appended bodies

in a complete fashion, and at the same time, meeting the criteria of both

generality and accuracy of the solution. For this reason, two approaches are

recommended to be pursued simultaneously. One approach is for imiediate applications

and the other approach for long-range research. For the first approach, the momentum

integral method is recommended due to its relative simplicity and its flexibiilty

to adapt to experimental data. For the second approach, a numerical procedure no

less sophisticated than the one by solving the partially parabolic Navier-Stokes

equations with the K-( turbulence model should be considered.
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Figure 9 -Streamline Patterns of Horseshoe Vortices(Laminar Flow):
(a) Six Vortex System; (b) Four Vortex
System; (c) Two Vortex System. S, Separation
Line; A, Attachment Line; SP, Stagnation
Point. (Taken from Reference 7)
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Figure ila - Idealized Wing/Body Junction
(Taken from Reference 13)
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EXPERIMENT COMPUTATION

I sidn friction lines

external stream lines
separation line

Figure 12 -Comparison of Experiment and Computation of the
Separation Line in Front of the Cylinder/Flat-
Plate Junction10 (Taken from Reference 76)
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TABLE I

Levels of Approximation and the State-of-the-Art of
Computational Fluid Dynamics

(Taken fron Reference 22, 1980)

Level of Approximation State-of-the-Art

1 - Ideal fluid

2a - Ideal fluid + nondimensional empirical correlations

2b - Ideal fluid + boundary layers (weak coupling) x

2c - Parabolized approximations of the Navier-Stokes x
equations

2d - Ideal fluid + isobaric separated zones x

3a - Ideal fluid + thin viscous layers (strong coupling) x

3b - Ideal fluid + Navier-Stokes zones (strong coupling)

4 - Direct overall solutions of the Navier-Stokes equations:

4a - Averaged equations + turbulence model

4b - Filtered equations (simulation of the large turbulent

structures)

4c - Ccnplete equations (numerical simulation of turbulence).
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TABLE 4

Classification of the Governing Buations

Type of Equations Approximations Flaw Problem Solved

Hypeyrbolic 30  Thin boundary layer Flows with a predominant
and no diffusion direction; no vortex

motion

Parabolic 31  Thin boundary layer Same as above

Partially Diffusion in the stream- Curved duct flows.
parabolic32  wise direction neglected Some degree of thick

boundary layer

Elliptic33  No or few approximations Horseshoe vortex and
thick boundary layer
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TABLE 5

Comparison of Numerical Methods

Numerical Methods
Major
Slitor Differen-
(year) Type of Problem tial Integral Coments

Kline38  33 test cases; 9 20 Of 7 in the top class,
(1968) mostly 2-D 4 are momentum integral

turbulent methods and 3 are finite
boundary layers differential methods.

East52  7 test cases, 6 3 Momentum Integral methods
(1975) some with have impressive, if not

separation better performances.

Humphrey 53 A 3-D wing 5 3 Despite the fact that the
(1978) flow is not strongly 3-D,

the computed results
scatter by as much as 20%;
no preference to either
numerical method indicated.

Lindhout54 A 3-D wing 5 4 The potential capability
(1979) with separation of finite differential

in the root methods has not been demon-
section strated. Momentum integral

methods appear to provide
more consistent results.

Larson55  2 test cases of 7 10 Both finite differential

(1980) 3-D Ship and momentum integral
boundary layers methods failed to obtain

adequate solutions in the
thick turbulent boundary
layer near the stern.

Kline56  66 test cases of A total of 73 Both finite differential
(1980-81) computer different methods and immentum integral

turbulent flows methods are well worthy
of further study and
refinement.
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TABLE 6*

Methods to Account for Thick Turbulent Boundary Layers

Methods Comments References

1. Elliptic Computer cost prohibitive; Phoenics Code33

equations not practical

2. Partially Iterative marching integra- Abdelmequid et a135

parabolic tion scheme. The rate of
equations convergence of solution

depends strongy on the
quality of the initial guess
on pressure

3. Presure 2-D method has been developed Mahgoub & Bradshaw57

iteration

4. Viscous/inviscid An application to axisymmetric Nakayama et a158

matching at the bodies of revolution has been
height of the considered
boundary layer

5. Viscous/inviscid Less accurate than :he above Wange & Huang59

matching at the method
height of the
displacement
thickness

6. Vortex Method The tail region of the body of Geller60

revolution is calculated by
the vorticity equation

7. Strong surface The pressure of the real flaw is Le Balleur6l
transpiration set equal to that of the in-
method viscid flow inside the boundary

layer in the first-order
approximation

*The order of listing is according to the decreasing degree of demand on
computing efforts.
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NUMERICAL
METHODS

APPROXIMATIONS
TYPE OF PROBLEMS OR MODELS COMMENTS

I. X X 3-D Turbulent boundary DIo-equation Comparisons indicate that the partially
layers on ship hulls turbulence model parabolic solution is far superior to

the parabolic one

2. x x 3-0 turbulent boundary Two-equation A partially parabolic system with a
layers on ship hulls turbulence model two-equation turbulence model is

onsidered in a non-orthogonal

oordinate system

3. x X Corner flows The streamwise vorticity equation is
used to avoid the use of transverse
momentum equations

4. x Laminar horseshoe Smoke flow The number and the oscillatory behavior
vortex visualization of horseshoe vortices increase as the

Reynolds number increases

5. x Flow in Strut-wall Flow visualiza- The thickness of the incident boundary
intersection tion and trans- layers determines the size of the

verse flow horseshoe vortex
measurements

S. x x 3-D compressible An alternative and parallel nmzerical
Navier-Stokes method to the LBI scheme developed by

equations Briley and McDonald (Bibl. 16&17)

7. x Flow about circular Laminar and Shows that the size of the horseshoe
cylinders mounted turbulent vortex can be characterized by the
on a flat plate Reynolds number based on the thiick-

ness of the incident boundary layer

8. x The effects of stream- This is an attarpt to account for the
line curvatures effects of streamline curvature while

still in the frame work of thin

boundary layer approximation

9. x The effects of stream- A more detailed and further
line curvatures exploration of the above paper

(Bibl. 8)

10. x x 3-0 turbulent boundary The rate-equation turbulence model
layer derived for 2-D in bibl. 14 is

extended to 3-D flows

II. X Review of complex The importAic of an accurate
turbulent flows potential flow calculation and the

"history" of the flow for strongly
"interacting" flows is pointed out.

12. x Structure of complex The concept of the "fairly thin
turbulence flows shear layer' was introduced for the

prediction of thick boundary layers
within the frame work of the thin

boundary layer approximation.
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MOeRICAL
METhODS

APPROXIMATIONS
- . TYPE OF PROBLEMS OR MODELS COMIENTS

13. x x 2-D and 3-D separated Thin boundary layer Both the prediction of separation and
flows the calculation method in the

separated region are discussed

14. x x 2-0 turbulent boundary The rate-equation (or one-equation)
layer turbulence model is derived. The

model performed very well in the 1968
Stanford conference (BibI. 92)

15. x x x Turbulent corner flow Thin boundary layer Reasonable results are obtained except
near the sepration region.

16. x x 3-D compressible Navier Parabolic-Hyperbolic An alternating-direction implicit
Stokes equations system (ADO) numerical scheme is developed.

The main feature is a narrow-banded
matrix which can be solved efficiently.

17. x x 3-D oompressible Navier Parabolic-Hyperbolic Further development of the above so
Stokes equations system called *linearized block ADI implicit

sche se (LBZ scheme)

18: x x Visou primary and The streamwise vorticity equation is
secondary flows used to avoid the use of transverse

momentum equations

19. x x Horseshoe vortex flow tow Reynolds number A first step to solving turbulent
(Rn - 200, 400). horseshoe vortex flows
Thin incidence
boundary layer

20. x Review of laminar A mathematical treatment
separation

21. x x Viscous flows including Axisymmetric body The matching takes place in the
separation inviscid region far from the region

of strong viscous/inviscid
-interactions

22. x Potential flow The theory of the PAN-AIR omputer code
is described

23. x x Separated flows A new visous/inviscid interaction
method is used to improve the con-
vergent rate of the previous method
(Biibl. 24)

24. x x Separated flows both Both the viscous/inviscid interaction
laminar and turbulent and the inverse mode are used.

25. xx Separated flow 2-D and laminar One of the pioneer works in the
calculation of the separated flow by
the inverse mode
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MTHODS

APPROXIMATIONS
TYPE OFP iROBLEM OR MODELS COMMENTS

26. x x "Thick* boundary layer Thin boundary That the thin boundary layer approxuim-

along a slender cylinder layer tion is adequate for this type of

of constant radius 'thick' boundary layer is demonrstrated

27. x x 3-D lIminar and turbulent Thin boundary The implementation to account for the

boundary layers on ship layer thick boundary layer by the displace-

hulls ment tijickness method is mentioned but
not done

28. x x 3-D laminar and turbulent Body of revolution Calculation of flow reversal in the

boundary layers at incidence circumferential direction and the
prediction of the separation line are

discussed

29. x x Laminar and turbulent Thin airfoil at A quasi-rational approach is adopted

leading edge suparation incidence

30. x x Comparison of turbulence 4 two-equation models are compared

closure models

31. x Survey of computation Both camputer hardwares and nurerical

aerodynamics develop- techniques are discussed

ent and outlook

32. x Discrete vortex method 2-D time--dependent A pioneer work on the application of
Navier-Stokes the discrete vortex method to boundary
equations layer flows at high Reynolds numbers

33. x Discrete vortex method Among other things, the rate of con-
vergence of the solution is imrproved.
Some discussions to include turbuence
are also given

34. x Review of discrete vortex Tie current state-of-the-art is still
rethods on boundary layer restricted to flows in simple
calculations geometries

35. x Structure of 2-D turbulent flat plate at zero Bradshaws' one-equation turbulence
boundary layers with incidence model gave good predictions
separation

36. x The law of the wake in 2-D Based on many experimental data, a 2-D
turbulent boundary layers law of the wall-wake was propoeed.

37. x 2-D turbulent boundary A very complete compilation and
layers analysis of available data of 2-D

turbulent boundary layers

38. x Separation in flows Both laminar and turbulent 2-D and 3-D
are discussed with regard to their

general properties
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"MTYPE OF PROBLEM OR MODELS COMMENTrS

39. x X x Turbulent boundary layer Thin 6oundar T tedhnique developed by Bradshaw to
with a longitudinal layer account for surface curvature effects
surface curvature is applied

40. Calculation of separated Thin boundary The nature of separation as math-
turbulent boundary layer ematical singularity is first discussed
layers folloed by a discussion on the inverse

method to treat separated flows

41. x x 3-D separated turbulent Thin boundary The nature of singularity is discussed
boundary layers layer by considering the properties of the

roots of the characteritics equations

42. x x Mean velocity profiles Some justifications .for the use of the
mean velocity profiles obtained in 2-0
turbulent boundary layers to 3-0

problems are discussed

43. x x 3-D turbulent boundary Mager's crossflow An orthogonal curvilinear coordinate
layers over an infinite profile and system is used
swept wing Tompson's

streamwise velocity
profile

44. x 2-D separation Laminar flows Stratford's prediction method for
separation is modified

45. x x Horseshoe vortex flow Low Reynolds number Since the flow is laminar, the horse-
(Rn - 100, 500) shoe vortex is small and the non-

reversal secondary flow predominates
the reversal one

46. x Turbulent flow about a Only the leading A large angle between the velocity
teardrop body mounted edge region is gradient vector and the wall shear
on a flat plate considered stress vector (anisotropic shear) is

observed

47. x x End-wall boundary layer Pitch-averaged A new crossflow model was introduced
in turbomachine flow but crossover type was not

considered

48. x x End-wall boundary layer Pitch-averaged Improvement of the method described
in turbomachine flow in Bibl. 47 such that flow reversal

in the streamwise direction is
prohibited

49. x x End-Wall boundary layer No crossover Both Mager's and Johnston's crossflow
in turbaachine crosaflow model are considered

50. x x Review of secondary The secondary losses include the
losses in turbines losses due to the annulus wall

boundary layers and their
interactions with blade rows

51. x s x Thick turbulent boundary Body of revolution The normal pressure gradtent is set
layers equal to the centrifugal force due to

the longitudinal streamline curvature
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STYPE OF PROMMSS OR MODELS COMMENTS

52. x X - ublntbudr- Seiaayi Bradshaws ore-equation turbul~ioe

54. x Tickbndrylayer s-oAloumtion mdlwsipovf the p-re
bdarereutionso fo with anewpi

strong viscous/inviscid interaction
is given

55. x Turbulent flow about a Only the first Both Mager's and Coles' models do not
teardrop body moxunted on quadrant of the fit the data; Johnston's modiel has a
a flat plate leading edge region better fit

is onsaidered

56. x Turbulent flow about a Only the first The flow in the separated region
teardrop body mounted on quadrant of the is characterized by a single co-
a flat plate leading edge region centration of vorticity (horseshoe

is considered vortex)

57. x x 2-D separated turbulent Lag-entrainment An exploratory work on the use of
boundary layers method momeentum integral methotis to

calculate separated flows

58. x x Structure of 2-D seven turbulent boundary layprs rang-
equilibrium turbulent ing from mildly favorable to severe
boundary layers adverse pressure gradients were shown

to be good approximtions to 2-D
equilibrim floes

59. x x x 3-D turbulent boundary Thin boundary layer Bradshaw's one-equation turbulence
layer approaching model is used but it fails to predict
separation separation

60. x X x X Review of experiments ard No computational method of the floe in
predictions of 3-D . the wing-body junction is presented in

turbulent Lxxvtdary layers the oDnlcxiux

61. x x 3-D boundary layer and Lag-entrairgiunt The horseshoe vortex generated in the

wake over a wing/body equation wing/body junction is suppressed
comb~ination

62. x x Turbulent horseshoe Thin boundary layer The inverse modie of comnputation is
vortex floe used to march across the separation

line

63. x X Thick turbulent boundary Body of revolution The tail region is calculated by the
layer vorticity equation
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-J 0 ~APPROXIMATIONSCtOES
TYPE OF PROBLEMS OR MODELS

64. x x Turbulent corner flow Based on energy and The origin of the secondary flow in
vorticity the corners is due to the transverse
consideration gradients of the Reynolds shear

stress

65. x x Turbulent corner flow Thin boundary layer Predicted Reynolds stress distributions
approximation with were compared with experimental data
an algebraic
Reynolds stress
model

66. x x Turbulent boundary 2-D The main features are the treatment
layer and wake of the wake and the formulas for skin

friction and shape factor are
derived from the zero pressuregradient case

67. x x Turbulent boundary 2-D Derives the lag-entrainment equation
layer and wake which is the integral-method version

of Bradshaw's one-equation turbulence
model

68. x x Secondary flow about Inviscid theory Cmparisons between theory and experi-
struts and airfoils ment are made

69. X X Turbulent boundary 2-D The use of thre entrainment equation
layer as an auxiliary equation is introduced

for the first time

70. x Review of subgrid Prediction methods based on subgrid
scale modeling scale modeling are important for flows

where the range of length scales is
very wide

71. x Potential flow Panel method Emphasis is on the quadralateral panel
method

72. x x Viscous flows over Thin boundary Tire viscous-inviscid interaction
ship sterns layer approach is strongly criticized due to

a non-local reaction of the boundary
layer

73. x x x Thick turbulent Body of revolution A modified displacement thickness
boundary layers method is used to account for the

normal pressure gradient

74. x Crossflow models in Available crosstlow models are reviewed
turbmachine and a new model is proposed

75. x x x x A review of 3-D The prediction of separation, corner
turbulent boundary flows and secondary flows are discussed
layers
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- APPROXIMATIONS
TYPE OF PROBLEMS OR MODELS CO NTS

76. x Flows in turbomachines Inviscid theory The concept of averaging the flow
across the pitch (i.e. the passage-
averaged flow) is introduced

77. x x Review of secondary flows Both theory and experiment are
discussed with an emphasis on

turomachine applications

70. x x Review of flows in The application of momentum integral
turbcmchines methods is emphasized

79. Turbulent flow about a Only tie first Johnston's mean velocity profile model
cylinder mounted on a quadrant in the has a better correlation than that of
flat plate leading edge of Coles' model

the cylinder is

considered

80. x Thick turbulent Body of revolution Pressure distributions, n'ean velocity
boundary lay.rs profiles and Reynolds shear stresses

are measured. A parallel work to
Bibl. 146 and 148

81. x 5 3 comnarison of numerical I test case Despite the relative simplicity or I.e

methods or. - 3-D wing test case, the over-all prediction is
turbiulent boundary not very good
layer

02. x x 3-0 separation of flows Application of topology to flow
visualization of the fl'ss around

free or surface-munted obstacles

03. Caparison of numerical 3 test cases The flow around a cylinder mounted
met1ods on a flat plate is one of the test

cases

84. x x 2-D turbulent boundary C-les* model Instead of the entrainment equation,

layer the energy equation is used and is sh
to he adequate even for non-equilibrium
turbulent Lxxundary layers

85. x Secondary flow of 3-D The Johnston's triangular (mean
turbulent borlary velocity profile) model was born
layers

86. x x 3-D turbulent boundary Johnston's A good agr~emen between calculation
layer with a plane triangular and measurement is obtained in the
of symmetry model non-separated re.gion

87. x 3-0 turbulent boundary The angle between 'he mean velocity
layer induced by a step gradient vector and the shear stress

vector is significant even close to the

wall. Thus, the eddy-viscosity ,rd-1

is not adequate for the flow considered
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APPROXIMATIONS
TYP. OFPRBLM OR MODELS COMMENTS

8. x 1flurbulent boundary 2-D A general family of the velocity
layers profiles of 2-D mving-equilibriumn

turbulent boundary layer was derived

89. x Discrete vortex method 2-D The method is used to calculate the
unsteady, separated flow over a 2-D
airfoil

90. x x Decay of streaewise The streamw.ise vorticity is found to
vorticity persist more than 100 protuberance

diameters downstream both in laminar
and turbulent bourday layers

91. X x x Comparison of numserical 66 test cases The emhasis was on 2-0 and 3-D
methodis on comsplex complex turbulent flows. integral
turbulent flows methods continue to perform

adequately.

92. x 9 20 Comparison of numerical 33 test cases No distinct superiority ot finite
methods on mainly 2-0 differential methods over integral
turbulent boundary methods were observed
layers

93. x Turb~ulent shear flows The current status of prediction
methods and ten-year outlook are
discussed (in 1978)

04. x Turbulent boundary layer internal flows no mean velocity profile mdels are
flow in a S-shaped adequate for the resulting crossover
channel type of crossf low

95. x Modeling of crossflowis Models of mean velocity profiles
include crossover crossf lows are p
proposed

96. x Ship boundary layer A general discussion on the effect of
surface curvature upo'. the calculation
of turbulent boundary layers of ship
hulls

97. x Secondary flows The governing equations of secondary
flows are derived in a rotating
coordinate system

98. x Rview of the Surface ships The use of integral methods to ship
characteristics of boxundary layers is criticized
ship boundary
layers

99. x x s Review of numerical Surface ships The use of integral methods to ship
methods on ship boundary layers is criticized
Ixundary layers
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TYPB OF PROILD6APPROXIMATIONS COET

100. x Modieling of the mean Based on the data A mod~el of crussf Ice including the
velocity profile obtained by crossover type is proposed

Langton et al
(Bibl. 101)

101. x Tu~rbulent flow 3-D In adition to flow visualization,
within a turbine both static pressure and wean
cascade passage velocity are measured

102. x 7 10 Catparison of numerical 2 test cases Bath integral and differential
methods on 3-D ship methods have difficulties in the
boundary layer stern region where the turbulent

boundary layer is thick

103. x Review of turbulence The emphasis is on two-equation or
closure ,mdels stress-equation smodels

104. x x Turbulent flows The reasons for choosing the K-E
(two-equation) turbulence modiel are
carefully explained

105. x x Turbulent boundary The effects of surface curvatures are
layers on spinning investigated in view of imodifying the
and curved surfaces turbulence modlel

106. x Survey of numerical The state-of-the-art is examined
mthod~s on viscous
flows at high
Reynolds numb~ers

107. x x Turbulent boundary 2-D A new concept of visoaus/inviscid
layers and wakes interation and matching is proposed.
including separation In this methlod. both viscous and

inviscid flnes are calculated
simultaneously

108. x x x Viscous flows High Reynolds Nuerical metheods of both finite
numbrers differential and momentum integral

methods are discussed

109. x x Boundary layer on 3-D No croesf Ice The surface transpiration method is
wing found to be equivalent to the

displacement surface method in adding
viscous corrections

110. x Review of vortex methiods 2-D and 3-9, Vortex methods are potentially
powrful methods to predict high-
Reynolds numb~er flIows particularly
when separation occurs

77



NUMERICAL
METHODS

CA APPROXIMATIONS
TYP OF PROBLEM OR MO0DELS COMMENTS

111 X x Turbulent boundary 2-0 Comparison of the use of the entrain-
layers ment energy and moment of momentum

equation as an axiliary equation

112. x Displacement thickness 2-D and 3-D The equivalence of the displacement
surface method and the surface tran-
spiration method is illustrated

113. x Separation in flows A good review of the fundamental
structure and definition of 3-D
separation

114. x 5 4 Comparison of numerical Root section of a Momentum integral methods gave more
methods 3-D wing consistent results

115. x x 3-D boundary layers on Simple eddy- Despite the anisotropic natur of the
wings viscosity turbulent flow, the simple edly-

turbulence model viscosity model gives season ole
results

116. x Review of numerical Mostly 2-D Integial methods are P-nasized
methods on boundary
layers and wakes of
airfoils

117 x Review of numerical 2-D and 3-D New develo[ents in integral methosds
methods used in are emphasized
external aerodynamics

118. X Viscous secondary flow Secondary flow is The inclusion of the diffusion of

considered as a vorticity improves the agreement with
small perturbation the data

to a 3-D flow

119. x Review of the numerical The appliation to ship hydrodynamics
modeling of vortex flows is emphasized

120. x Review of the numerical A symmetric "wing" TWO mean velocity components and three
moleling of vortex flows mounted on a flat Reynolds shear stress ccuponents are

plate measured in the wing/body junction

121. x x Review of computation A thorough review of wrrious finite
methods used in differential methiods
turbomachine

122. x a Thick boundary layer 2-D The normal pressure gradient is
calculated by an iterative scheae
without actually solving the elliptic

system of equations
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123. x x 3-D laminar bndary Moment of A method for stable transition from
layer momentum equation 2-D computation to 3-D omputatio

is discussed

124. x 3-D turbulent boundary two-equation A further exposition of Spalding's
layers on ship hulls model turbulence partially parabolic calculation

procedur

125. tx Flow around an appeno-equation A simplified version of the 3-D
submerged body turbulence model partially parabolic scheme is used.

The prediction of the horseshoe
vortex is not attepted

126. x x Flows in turbomachines passage-averaged The governing equations for wall
flow boundary layers in turbmaachines are

derived

127. x Equilibrium 2-D The emphasis is on the velocity defect
turbulent boundary profiles (i.e. outer region of the
layers boundary layer)

128. x x En-wall boundary 3-D Sae approximate profiles of the
layer theory in streamwise and the crossflow velocity
turhboachines are assumed

129. x Review of turbulence Review includes one-equation, two-
closure models equation and stress-equation models

130. x Review of numerical 2-D Both weak and strong viscid-inviscid
methods on boundary interactions are discussed. The
layers and wakes of asymptotic expansion method is
airfoils emphasized

131. xm Trbulent boundary layer A data base for the flow over concave
over a longitudinally and convex surfaces is established.
curved surface The comparison with calculations

based on Bradshaw's technique (Bibl.
8 and 9) gives good agreement

132. x x Thick boundary layer Partially parabolic The superiority of the two-equation
and wake and two-equation turbulence model is claimed

turbulence model

133. x x 3-0 turbulent boundary Non-orthogonal Discussions of the characteristics
layer coordinate system and the numerical procedures of the

and entrainment governing equations are given
$ equation

134. x x Boundary layer and wake Coles' model and The displacement surface method is
of a body of revolution entrainment used to account for the normal

equation press gradient in the thick turbulent
boundary layer
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APPROXIMATIONS

rn9 TYPE OF PROBLEM OR MODELS COMETS

135. x x 3-D turbulent boundary Mager's croesflow Interest centers on the prediction of
layer approaching model and the pressure rise to separation
separation entrainment

equation

136. x x Thick turbulent boundary A linear crowflow Additional term due to surface
layer and near wake profile assumed curvature effects are included

137. x x x Review of 3-D turbulent Detailed derivations of the governing
ooundary layer equations are given. Emphasis are on

momentum integral methods

138. x x x Review of advances in Both finite differential and momentum
3-D turbulent boundary integral methods are surveyed
layer

139. x Missiles aerodynamics Inviscid rotational The forces on wing/body ominations
flow at angles of attack

140. x x x Ship-stern bounday layer Surface ships Contains an extensive literature survey

141. x Turbulent flow in a wing/ A symetric "wing' Pressure, mean velocity components and
body junction mounted on a flat FM velocity fluctuation are measured

plate at two boundary layer thicknesses

142. Review of spectral methods The use of spectral methods for the
prediction of viscous flow is still in
the research stage

143. x x x Review of flows in 3-D Various experimental data, theories
turbomachines and computation methods of end-wall

boundary layers in turbomachines
are discussed

144. x x Calculation procedure for 3-D The pressure in the streamwise
parabolic flows momentum equation is decouoled by

averaging over the cross-section.
a calculation procedure with

forward marching method is
established.

145. x x s Thick turbulent boundary Body of revolution Equations adequate for thick
layer turbulent boundary layers are derived,

but the effect of the longitudinal
curvature is not included.

146. x Thick turbulent boundary Modified spheroid Pressure distributions, mean velocity
layer profiles and Reynolds shear stresses

are measured

147. x Thick turbulent boundary Low-drag body of Pressure distributions, mean velocity

layer and near wake revolution profiles and Reynolds shear stresses

are measured

80

A' fd.



NUMERICAL
METHODS

APPROXIMATION4S
TYP OF-0 PROBLEMS OR MO)DELS CMET

148. x X x Wear and far wake 2-D The model is shown to give good
results in near wakes, but, does not
give correct results in far wakes.

149. x x x x Thick turbulent boundary Body of revolution The calculations by differential and
layer and wake integral methods are compared with the

measurements. No significant
difference in accuracy between the two
methods is found.

150. x X 3-D laminar and turbulent Body of revolution The need for a more adequate strong
boundary layers at incidence viscous/inviscid interaction scheme is

indicated for this type of flow.

151. X x x Laminar flows about Small crossflow Agreement between calculation and
circular cylinders measurement is in general good before
mounted on a flat plate separation. The inaccuracy is blamed

on inadequate potential flow
calculation.

152. x x x Rankine ovals mounted on Small cross flow Same comments as in Bibi. 151.
a flat plate The separated regions are smaller when

the boundary layers are turbulent.

153. x x Review of 3-D inter- Mostly inviscid The emphasis is on high-speed
actions and vortical aircraft. An extensive list of
flows references is provided.

154. x x Turbulent corner flow The mean streamwise vorticity is shown
to arise from mean flow skewing and
the inhomogeneity of anisotropic wall
turbulence.

155. modeling of the mean Based on the data The inner and outer regions of the
velocity profile of Hornung & 3-D turbulent boundary layer are

Jonbert coisidered.

156. x General purpose viscous A computer code for solving
flow codes parabolic, hyperbolic and elliptic

type of the governing equations.

157. x Turbulent flow in the Only the first Mean velocity component, static
leading edge region of a quadrant of the pressure and skin friction are
teardrop body on a flat leading ed region measured; no adequate 3-D
plate outside of the similarity law is found

separation line are to fit the data.
considered

158. x Mean velocity profile of Data further downstream of those
the flow about a obtained in Bibl. 56 and 79 are
teardrop body mounted measured.
on a flat plate
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159. x X Flow in curved ducts The partially parabolic system with
the K-E (two-equation) turbulence
model is applied to compute duct flows

160. x Review of turbulence The review includes models of zero-
cloeure models equation, one-equation, two-equation

stress-equation and large eddy
simulation

161. x Review of both turbulence The current status of momentum
closure models and integral methods is also discussed
numerical methods

162. x x Thick boundary layers 2-D The second-order boundary layer
equations are derived to account for
effects due to surface curvatures

163. x Turbulence closure models Attempts are made to account for
for 3-D boundary layers anisotropic shear stress

164. x Structure of turbulent 2-D An extension of the previous analysis
boundry layers Bibl. 156

165. x Separated flows due to Flow visualization Multiple vortices are observed. A
protuberances some what weak correlation between

the separation distance and the
protuberance is also observed

166. x Wakes of tail-fin/body Body of revolution Demonstrates the importance of the
intersections interference effects of tail-fin/

body intersections

167. x Turbulent flow in a wing/ A symmetric "wing" Static pressure, skit. friction, mean
body )unction mounted on a flat velocity components and Reynolds shear

plate streres are measured along the ]unction

168. x Modeling of crossflow Based on a poly- The (pi,qi) family of crossflow models
nomial representa- are proposed. The models include
tion cross-over type crossflow

169. x x Crossflows in 3-D Thin boundary layer Comparison is made with the data of
turbulent bounday approxmation with skewed turbulent boundary layers
layers the (pi,qi) family

of crossflow models

170. x x 3-D turbulent boundary Entrainment Extension of Head's entrainment
layer equation equation for inoompressible flow

to cmpressible flow

171. . Turbulent corner 3-D A two layer eddy-viscosity turbulence
flow model is used
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172. x Review of finite-element Only fundamental aspects are
methods in fluid discussed
mechanics

173. x x Review of separation The experimental aspect of separation
phenomena in turbulent was emphasized, but some descriptions
flow of modelings and prediction methods

are also discussed

174. x Structure of separating Airfoil-type The main features of the flow in the
2-D turbulent boundary pressure vicinity of separation are discussed
layer distribution

175. x Review of separation in 3-D Em[thasis is on modeling and structure
steady, flows of separation

176. x a 3-D turbulent boundary Entrainment The results obtained by using
layer on an infinite equation different skin friction formulas
yaw wing and mean velocity profiles etc are

compared. The polynomial type of
yelocity profiles is found to be
unsatisfactory

177. x x 3-0 turbulent boundary Non-orthogonal Johnston's crossflow profile is found
layers coordinate more adequate than Mager's profile in

system and the problems where the Reynolds number

entrainment is high
equation

178. x Secondary flow in a Inviscid theory Pioneer work in secondary flow
cascade passage

179. a Rectangular-wing/body Oil-flow visualiza- The effects of flow incidence and the
and delta-wing/body tion and surface Reynolds number on the strength and
combinations pressure distribu- the position of the vortices 're

tions also investigated

180. x Review of the structure The triple-deck structure of laminar
of laminar bourary boundary layer is described
layers

101. x x Prediction of separation Inclined ellipeoids A new crosflow profile derived from
lines and calcuation of and infinite swept- the profile of a flat plate is used
separated flows wings

182. x Prediction of separation 2-0 One of the best engineering prediction
in turbulent boundary methods for separation in 2-D
layers turbulent boundary layers

183. x Turbulent boundary 2-D A new family of mean velocity profiles
layers is proposed. The skin friction

obtained from this family is an
i'provement over that by Ludwieg and
Tillmann
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114. x x Separariis in flows 2-0 and 3-D The topology of separations occurringin aircrafts is discussed

185. x TUrbulent boundary layer The behavior of the turbulent boundary
near separation layer is discussed; a fundamental paper

186. x Equilibrium turbulent The type and the structure of
boundary layers equalibrium turbulent boundary layers

are discussed; a fundamental paper

187. x Law of the wall 3-D The 3-D law of the wall was derived
with the effects of both pressure
gradients and inertial forces accounted
for

188. x x x 3-D turbulent boundary No surface Despite the anisotropy of the shear
layer over an infinite curvature stress, computation based on

swept-wing effect Bradshaw's model give good results

189. x x Separated flows Laminar flows The quasi-simultaneous method is
developed as an alternative of the
direct and the inverse mode

190. x Separated flows Laminar flows The quasi-simultaneous method is
developed as an alternative of the
direct and the inverse mode

191. x x Turbulent boundry layer Thin boundary A new crossflow model is used
in a ship hull layer

192. x Classification of 3-D The zones of influence and dependence
boundary layer equations are discussed in terms of

subcharacteristics

193. x x Flow around axisymmetric Thin boundary The normal pressure gradient is
bodies layer accounted for by the displacement

thickness method

194. x Potential flow Panel met4W The triangular panel method with a
linear source strength is developed

195. x x Assessment of 3-D 10 test cases The test cases include East and Hoxey's

turbulent boundary wing-body junction flow. Bradshaw's
layer prediciton rate-equation (or one-equation)
methods turbulence model is recommended

196. x odeling of mean 2-D flow An analytic expression of the mean
velocity profile velocity is proposed and a omparison

with the measurement is also made

197. x x Turbulent boundary Mean-flow kinetic A new multi-layer velocity profile is
layers with separation energy integral used

(instead of en-
trainment
equation;
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198 x Review of laminar Review includes 2-D, 3-D and unsteady
separation sepsration. This review is an update

of the review by Brown and Stewartson
(Bibl. 20)

199 x x Thick boundary layers 2-D The main interest of this paper is the
formulation of the momentum integral
equation to account for a normal
pressure gradient given in the
Appendix
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